The objective of the current observational study was to determine the potential associations between cow factors, clinical mastitis (CM) etiology, and concentrations of select acute phase proteins and cytokines in milk from affected quarters of cows with CM. Cows with CM (n = 197) were grouped based on systemic disease severity, milk culture result, parity, days in milk (DIM), previous CM occurrence, and season of the year when CM occurred. Concentrations of lipopolysaccharide-binding protein (LBP), haptoglobin (Hp), BSA, IFN-γ, tumor necrosis factor-α (TNF-α), IL-1β, IL-8, IL-10, IL-12, transforming growth factor (TGF)-α, and TGF-β and activity of lactate dehydrogenase (LDH) were evaluated. Differences in the least squares means log 10 transformed concentrations of these proteins were compared using multiple linear regression mixed models. The milk concentrations of LBP, Hp, IL-1β, IL-10, and IL-12, and activity of LDH in milk were higher in cows with moderate to severe versus mild systemic disease. The concentrations of Hp, BSA, IL-1β, and IL-10 in milk were higher in cows with a gram-negative versus gram-positive milk culture result. Season of the year when CM occurred was associated with the concentration of all proteins evaluated except for IL-1β and IL-12. Concentrations were higher in the winter versus summer except for Hp and TGF-β, for which the opposite was true. Concentrations of LBP, IL-10, and IL-12, and LDH activity in milk were associated with DIM group. Except for LBP, these proteins were lower in cows with CM during the first 60 DIM versus those in mid or later lactation. Interferon-γ, TNF-α, and IL-8 were undetectable in 67, 31, and 20% of samples, respectively. Detection of IFN-γ and IL-8 was associated with season, and detection of TNF-α and IL-8 was associated with systemic disease severity. The current study provides the most comprehensive report of milk concentrations of innate immune response proteins in cows with naturally occurring CM and identifies factors that potentially influence those concentrations. Further investigation into the seasonal variation of cytokine production and its potential effect on the outcome of CM is warranted. Furthermore, the results of this study provide useful data for planning future studies examining the role of the innate immune response in CM.
INTRODUCTION
Clinical mastitis (CM) continues to be the most common and costly infectious disease of dairy cattle (Seegers et al., 2003; USDA, 2007) . The pathogenesis of IMI and manifestation as CM is determined by virulence factors of the bacterial pathogen (Hornef et al., 2002) as well as cow factors, particularly the immune response of the cow (Burvenich et al., 2003) . The innate immune response is the first line of active defense once pathogens have entered the mammary gland, and it occurs at the earliest stages of infection (Uthaisangsook et al., 2002) . This response is typified by production of cytokines at the site of infection and production of acute phase proteins (APP) predominantly in the liver. Bovine mammary epithelial cells and leukocytes produce cytokines that mediate the inflammatory response both locally and systemically through multiple and often redundant functions (Taniguchi, 1995) . It has been noted that a fine balance exists between the beneficial and deleterious effects of cytokines on the host, and that this balance is influenced by the duration, amount, and location of cytokine expression (Bannerman, 2009) .
Numerous studies have evaluated cytokine and APP concentrations in the milk and blood of cows to better understand the role of these proteins in the pathogenesis of CM. Such knowledge could lead to potential thera-peutic applications and the identification of biomarkers for the diagnosis and prognosis of CM episodes. Much of our current understanding of the innate immune response during CM is based on experimental infection model studies, although some studies have evaluated cows with naturally occurring CM (Alluwaimi, 2004; Rainard and Riollet, 2006; Bannerman, 2009) . Experimental model studies allow evaluation of the response over time to different pathogens and have advantages of a known inoculum size and duration of infection; however, they have typically consisted of a small number of experimental units (5-10 cows). The small sample size of these studies has precluded evaluation of the association of factors such as parity, stage of lactation, previous CM occurrence, and disease severity on the levels of innate immune response proteins in the milk of cows during CM. Studies involving naturally occurring CM have been limited and generally focused on only a few APP (Chagunda et al., 2006; Lai et al., 2009; Zeng et al., 2009) or cytokines (Ohtsuka et al., 2001; Hisaeda et al., 2001) , and most studies did not evaluate the influence of such factors on the concentrations of these proteins. Furthermore, these studies focused on coliform mastitis or did not differentiate CM etiology. Ohtsuka et al. (2001) identified differences in tumor necrosis factor-α (TNF-α) and IL-1 concentrations at CM identification based on severity of clinical signs.
The purpose of the current observational study was to characterize the innate immune response of dairy cattle during naturally occurring CM by evaluating the milk concentrations of LPS-binding protein (LBP), haptoglobin (Hp), and select cytokines. The objective was to determine potential associations between cow factors (systemic disease severity, DIM, parity, and previous CM occurrence), CM etiology, and concentrations of select APP and cytokines. Such information should prove useful when planning studies of the innate immune response during CM in dairy cattle and the potential use of these proteins as therapeutics or markers for diagnosis and prognosis of CM episodes.
MATERIALS AND METHODS

Study Herd
Dairy cows from a single commercial dairy in southcentral Washington State that developed CM from June 2007 to May 2008 were eligible for inclusion in the study. During the study period, the herd had an arithmetic mean bulk tank SCC <280,000 cells/mL. All cows and periparturient heifers were vaccinated with a gram-negative core antigen bacterin (Upjohn J-5 Bacterin, Pfizer Animal Health, New York, NY) according to label directions. Cows were milked 3 times daily in a double-25 parallel parlor, except for cows in the hospital pen, which were milked twice daily. Cows were fed a TMR and housed in freestall barns bedded with dry manure or in open dry lots with permanent shade structures.
Inclusion Criteria and Data Collection
Farm personnel identified cows with CM based on the presence of abnormal milk, mammary gland inflammation, or both. Milk was considered abnormal based on the presence of flakes or clots or by changes in color or viscosity. These observations were made at milking time, and cows with abnormalities were moved to the hospital pen. Cows with CM were evaluated by study personnel at the next a.m. or p.m. hospital pen milking before the initiation of therapy. Cows eligible for enrollment were those with CM in a single quarter and no history of CM for 30 d prior. Parity, DIM, rectal temperature, and rumen contraction rate were recorded. Episodes of CM in the current or previous lactations occurring >30 d before enrollment were identified using herd health records and recorded for each cow. Cows were grouped as having or not having a previous CM episode. Hydration status was estimated based on degree of enophthalmos and scored as 0 (none), 1 (mild), 2 (moderate), or 3 (marked). Attitude was classified based on signs of depression (observing the cow's head and ear carriage and response to stimuli) as none, mild, or marked.
Severity Classification
A systemic severity score of mild, moderate, or severe was assigned to cows with CM based on rectal temperature, hydration status, rumen contraction rate, and attitude as described previously (Wenz et al., 2001a) .
Sample Collection
Milk samples were collected from the affected quarter of cows 1 to 12 h after identification of CM, just before their next milking. Two 10-mL samples of secretions from affected mammary glands were collected aseptically: one for bacterial culture and a second for determination of APP, BSA, and cytokine concentrations. Teat ends were disinfected with 70% isopropyl alcohol and 2 streams of secretion were removed from the affected quarter before sample collection. All samples were collected before initiation of therapy and were immediately placed on ice for transport to the laboratory where they were stored at −70°C.
Bacteriologic Culture of Milk
A 100-μL sample of milk was plated on 5% bovine blood agar and MacConkey agar plates. Presumptive identification of gram-negative coliform bacteria was based on colony morphology, growth on MacConkey agar, and a positive KOH test. Presumptive identification of streptococci was based on colony morphology on blood agar and a negative catalase test. Coagulasenegative Staphylococcus spp. were identified based on colony morphology, lack of β-hemolysis on blood agar, and a negative coagulase test. Presumptive coliforms and streptococci were speciated using the API20E and the API20 Strep miniaturized microbial biochemical identification kits (bioMérieux Inc., Durham, NC). Gram-negative bacteria were grouped as Escherichia coli or gram-negative, non-E. coli (COLIF). Streptococcal organisms other than Strep. agalactiae were grouped as environmental streptococci (ENS). Intramammary infection by a specific pathogen was diagnosed if samples contained ≥10 cfu/mL in pure growth. Plates with ≥3 different organisms were considered contaminated. Cows with milk samples from which no bacteria grew on aerobic culture were grouped as bacteriologically negative (BN).
Whey Preparation
For the preparation of whey, milk samples were centrifuged at 44,000 × g at 4°C for 30 min and the fat layer removed with a spatula. The skim milk was decanted into a clean tube and centrifuged for 30 min as above and the translucent supernatant collected and stored at −70°C.
ELISA
Samples were evaluated by ELISA for IFN-γ, IL-8, IL-10, IL-12, transforming growth factor (TGF)-α, and TGF-β1, as described previously (Bannerman et al., 2003 (Bannerman et al., , 2004 (Bannerman et al., , 2005 . Concentrations of BSA were determined using a commercially available ELISA kit (Bethyl Laboratories Inc., Montgomery, TX) as described previously (Bannerman et al., 2003) , with the exception that wells were coated with 10 μg/mL of sheep anti-bovine BSA antibodies for 1 h at room temperature instead of overnight at 4°C. Concentration of LBP was assayed using a commercially available ELISA kit (Cell Sciences Inc., Canton, MA) that recognizes both human and bovine LBP, as described previously (Bannerman et al., 2003) . Milk concentration of LBP was determined by extrapolation from known amounts of serially diluted recombinant human LBP (R&D Systems Inc., Minneapolis, MN), which was assayed along with the samples. Samples with absorbance readings that exceeded those of the highest standard were further diluted and reanalyzed. Milk TNF-α concentrations were assayed using a previously described ELISA (Bannerman et al., 2004) and extrapolating from a standard curve generated by serially diluting reference plasma containing known amounts of bovine TNF-α (generously provided by T. H. Elsasser, Bovine Functional Genomics Laboratory, Beltsville Agricultural Research Center, USDA-ARS, Beltsville, MD). Milk IL-1β concentrations were determined by ELISA as described previously (Bannerman et al., 2004) with the exception that 10 μg/mL of rabbit anti-bovine IL-1β antibodies (Serotec Ltd., Oxford, UK) were used as the detection antibodies instead of 1:500 diluted rabbit anti-ovine IL-1β sera. Concentrations of IL-1β were determined in the current study by extrapolation from a standard curve generated by serially diluting recombinant bovine IL-1β (Pierce Biotechnology Inc., Rockford, IL) instead of recombinant ovine IL-1β as originally described.
Haptoglobin concentrations were determined with a commercially available ELISA kit (Alpco Diagnostics, Salem, NH) according to the manufacturer's instructions. Samples were analyzed with a microplate reader (Bio-Tek Instruments Inc., Winooski, VT) at a wavelength of 450 nm and a correction wavelength of 565 nm. The concentrations of Hp in the samples were calculated by extrapolation from a standard curve of known amounts of bovine Hp generated by serially diluting the bovine Hp standard included in the commercial ELISA kit.
Assay for Lactate Dehydrogenase
For the determination of lactate dehydrogenase (LDH) activity, the whey fractions of collected milk samples were diluted 1:3 in PBS containing 1% BSA and assayed as described previously (Lauzon et al., 2006 ) using a commercially available kit (CytoTox 96 Non-Radioactive Cytotoxicity Assay, Promega Corp., Madison, WI).
Statistical Analysis
For analysis, cows were grouped as first, second, or third and greater parity and by DIM group as early (1 to 60 DIM), mid (61 to 150), and late (>150 DIM). Cows were also grouped by season of the year during which CM occurred as March to May (spring), June to August (summer), September to November (fall), and December to February (winter). Cows were grouped based on the Gram staining characteristics of the milk culture isolate (Gram status) or by milk culture bacterial isolate (Cult) as described above. Cows with a rectal temperature >39.3°C (102.7°F) were defined as having fever and those with an absence of rumen contractions during 2 min of auscultation as having rumen atony. Cows were grouped by systemic disease severity as mild or moderate to severe for analysis. Data from moderate and severe groups were combined given the low number of cows in the severe group and the similarity in median parity, DIM, and percentage of cows exhibiting the clinical signs evaluated.
The percentage of cows in the Gram status or Cult groups with moderate to severe systemic disease, percentage with a previous CM episode, and percentage exhibiting clinical signs by systemic severity group were compared by a Chi-squared test with an adjustment for multiple comparisons using the FREQ procedure (SAS version 9.2., SAS Institute, Cary, NC) and the SAS macro compprop (Elliott and Reisch, 2006) . Median parity, DIM, and protein concentrations were compared between groups with a Wilcoxon rank sum test using the NPAR1WAY procedure (SAS version 9.2., SAS Institute). Visual inspection of the normal probability plots for LBP, Hp, BSA, and cytokine residuals indicated nonnormal distributions; therefore, the data were log 10 transformed before analysis. The concentrations of TNF-α, IFN-γ, and IL-8 were below the level of detection (recorded as zero) in ≥20% of samples, and log 10 transformation failed to normalize the data. Therefore, multiple logistic regression models with backward elimination were created for these variables using the LOGISTIC procedure (SAS version 9.2., SAS Institute) to determine the associations between detection of each of these cytokines with the factors evaluated. Differences in the least squares means of the log 10 concentrations of LBP, Hp, BSA, and the remaining cytokines were compared by mixed multiple linear regression using the MIXED procedure (SAS version 9.2., SAS Institute). All models included systemic disease severity, previous CM occurrence, parity group, DIM group, season, and Gram status or Cult as independent variables. Significant differences, α < 0.05, among 3 or more group means were identified by specifying AD-JUST = SIMULATE in the LSMEANS statement to control for the family-wise error rate when comparing groups with unequal sample size. Mean log 10 concentrations were back transformed to the original scale and reported as the geometric mean and 95% CI (Bland and Altman, 1996) . Cows with a BN milk culture result were excluded from all models. Values of P < 0.05 were considered significant for all statistical tests and a tendency toward association declared for values of P > 0.05 but <0.10.
RESULTS
During the study period, the incidence rate of CM in the herd was 4.8 cases per 100 cow-months at risk and ranged from a low of 3.8 in August 2007 to a high of 7.2 in December 2007. Approximately 60% of CM recorded during the study period represented the first episode of the cow's current lactation, and 10% of cases involved multiple quarters. A total of 201 cows with CM in a single quarter were enrolled in the study. Three cows were removed because they had a previous CM episode in the same quarter within 30 d of the episode of enrollment. Another cow missing severity score data was removed, resulting in 197 cows with CM included in the study, which represented 13% of recorded CM in the herd during the study period. The majority of the 87% of recorded CM cases were not sampled because study personnel were not available to sample every day during the study period. Cows with a BN milk culture result (n = 50) were excluded from mixed multiple linear regression and multiple logistic regression analyses, resulting in 147 cows with CM contributing to these models. The CM episode of enrollment was the first of the lactation for 74% of cows in the study. There were 26, 47, and 74 cows in the first, second, and third and greater parity groups, respectively.
Bacteriologic Culture of Milk and Previous CM History
The most prevalent pathogen isolated on aerobic milk culture was E. coli, followed by ENS, COLIF, and CNS (Table 1) . Milk culture was bacteriologically negative for 50 (25%) of cows with CM and these cases were excluded from further analysis. No difference in median parity was observed between cows grouped by Gram status (P = 0.315) or Cult (P = 0.157; Table 1 ). Median DIM was not different between cows grouped by Gram status (P = 0.094) or Cult (P = 0.068; Table  1 ). Moderate to severe systemic signs associated with CM were most commonly observed in cows with E. coli CM (52%); however, no differences were observed between cows grouped by Gram status (P = 0.291) or Cult (P = 0.210; Table 1 ). Thirty-one percent (n = 61) of all cows in the study had a previous CM episode in the current or previous lactation that was >30 d before the episode of enrollment. There were no differences in the percentage of cows with a previous CM episode when cows were grouped by Gram status (P = 0.759) or Cult (P = 0.923; Table 1 ).
Severity Classification
Overall, 61, 38, and 8% of cows were classified as having mild, moderate, and severe systemic disease, respectively (Table 2 ). No differences in the median parity, DIM, or percentage with fever, atony, dehydration, or signs of depression were observed between moderate and severe systemic disease groups (Table 2) ; therefore, moderate and severe groups were combined
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for further analyses. The percentage of cows exhibiting fever, atony, dehydration, and signs of depression was greater in the moderate to severe group versus the mild group (P < 0.001; Table 2 ).
Univariate Statistics for the Measured Concentrations of Innate Immune Response Proteins in Cows with CM Grouped by Severity and Milk Culture Isolate
The median and mean concentrations of the proteins measured were typically numerically higher in cows with moderate to severe compared with mild disease across all milk culture isolates (Supplemental Table 1 ; available online at http://www.journalofdairyscience. org/). The large SD and ranges observed in all groups highlight the wide variation in the concentrations of the innate immune response proteins measured between individual cows. For most proteins evaluated, the data were skewed right resulting in mean values being larger than median values (Supplemental Table 1 ). The percentage of samples with undetectable protein concentrations was high for IFN-γ, TNF-α, and IL-8 and typically was higher in cows with mild versus moderate to severe systemic disease across all milk culture isolates. In 5 samples the measured BSA concentration was nearly 10-fold higher than the highest concentration observed in the rest of the samples. These data were retained in the data set and their influence was observed in the reported BSA concentrations of the mild ENS, mild COLIF, and moderate to severe E. coli groups (Supplemental Table 1 ). Removing these values resulted in dramatic reductions in the mean and SD of BSA in these groups (Supplemental Table 1 ).
LBP Concentration in Milk
When cows with clinical mastitis were grouped by Gram status, the concentration of LBP in milk was Values for mild, moderate, and severe groups within a column with different superscripts differ (P < 0.050). 1 Severity classification based on rectal temperature, rumen contraction rate, hydration, and attitude as described previously by Wenz et al. (2001a) . 2 Fever defined as rectal temperature >39.3°C (102.7°F). 3 Atony defined as absence of rumen contractions during 2 min of auscultation. †Values for mild versus moderate to severe groups within a column differ (P < 0.001). associated with systemic disease severity, DIM group, and season and tended toward an association with Gram status and previous CM occurrence. Cows with moderate to severe disease had a milk LBP concentration 1.8 times higher than cows with mild disease (P = 0.015; Table 3 ). The concentration of LBP in milk tended to be higher in cows with a gram-negative versus gram-positive milk culture result (P = 0.054; Table 4 ). Cows with a previous CM episode tended to have a higher concentration of LBP in the milk (50.8 μg/mL; 95% CI: 34, 75) compared with those that did not (35.4 μg/mL; 95% CI: 28, 45; P = 0.095). The concentration of LBP in milk of cows in the late DIM group was approximately half that of cows in the mid (P = 0.047) and early (P = 0.028) groups (Table  5 ). The concentration of LBP in milk of cows with CM during the summer was approximately half that of those with CM in the winter (P = 0.027) and spring (P = 0.018; Table 6 ).
Hp Concentration in Milk
When cows with clinical mastitis were grouped by Gram status, the concentration of Hp in milk was associated with systemic disease severity, Gram status, and season and tended toward an association with DIM group. The concentration of Hp in the moderate to severe group was approximately twice that of the mild group (P < 0.001; Table 3 ). The concentration of Hp in the gram-negative group was approximately twice that of the gram-positive group (P = 0.010; Table 4 ). Cows in the mid DIM group tended to have a higher concentration of Hp in milk compared with those in the early group (P = 0.079; Table 5 ). The concentration of Hp was lower in cows with CM during the spring versus those with CM in the summer (P < 0.001) or fall (P = 0.015) and tended to be lower than those in the winter (P = 0.053; group (P = 0.046) and tended to be lower than the E. coli group (P = 0.093; Table 7 ).
BSA Concentration in Milk
When cows were grouped by Gram status, the concentration of BSA in milk was associated with Gram status and season and tended toward an association with DIM group. The concentration of BSA was 1.6 times higher in the gram-negative versus the grampositive group (P = 0.002; Table 4 ). The late DIM group tended to have a higher concentration of BSA than those in the early group (P = 0.070; Table 5 ). The milk concentration of BSA was higher in cows with CM during the winter compared with those with CM in the summer (P = 0.013) or spring (P = 0.003; Table  6 ). When Cult replaced Gram status in the model, the milk BSA concentration in the E. coli group was higher than the CNS group (P = 0.015) and tended to be higher than the ENS group (P = 0.053; Table 7 ).
IL-1β Concentration in Milk
When cows were grouped by Gram status, the concentration of IL-1β in milk was associated with systemic disease severity and Gram status. The concentration of IL-1β in the moderate to severe group was 1.6 times higher than the mild group (P = 0.005; Table 3 ). The concentration in the gram-negative group was more than 1.7 times greater than the gram-positive group (P Means within a row with different superscripts differ (P < 0.048). 1 Mean and CI obtained by taking the antilog of the log 10 transformed data. 2 Early = 1 to 60 DIM; mid = 61 to 150 DIM; late = >150 DIM. 3 LBP = LPS-binding protein; Hp = haptoglobin; TGF = transforming growth factor; LDH = lactate dehydrogenase. †Means within a row differ (P < 0.080). Table 4 ). When Gram status was replaced by Cult in the model, the concentration of IL-1β in milk was more than 2 times higher in the E. coli (P = 0.003) and COLIF (P = 0.034) compared with the CNS group (Table 7) .
IL-10 Concentration in Milk
When cows were grouped by Gram status, the concentration of IL-10 in milk was associated with systemic disease severity, Gram status, DIM group, and season. The concentration of IL-10 in milk of the moderate to severe group was nearly 3 times greater than in the mild group (P < 0.001; Table 3 ). Similarly, the concentration was nearly 3 times higher in the gram-negative versus gram-positive group (P < 0.001; Table 4 ). The milk concentration of IL-10 was twice as high in the mid versus early DIM group (P = 0.019) and tended to be higher in the late versus early DIM group (P = 0.059; Table 5 ). Compared with cows with CM during the summer, the concentration of IL-10 in milk was nearly 3 times higher in the spring (P = 0.028), 4.3 times higher in the fall (P = 0.006), and 4.7 times higher in the winter (P < 0.001; Table 6 ). When Cult replaced Gram status in the model, the concentration of IL-10 in milk was 7 times higher in the E. coli (P < 0.001) group and 5 times higher in the COLIF (P = 0.006) group compared with the CNS group ( Table 7) . The concentration in the ENS group was approximately half that of the E. coli group (P = 0.035) and tended to be higher than in the CNS group (P = 0.082; Table 7 ).
IL-12 Concentration in Milk
When cows were grouped by Gram status, the concentration of IL-12 in milk was associated with systemic disease severity, DIM group, and parity group and tended toward an association with season. The concentration of IL-12 in milk of cows in the moderate to severe group was 2.2 times higher than of cows in the mild group (P = 0.002; Table 3 ). The concentration of IL-12 was higher for third and greater parity cows (486 U/mL; 95% CI: 323, 731) compared with first (133 U/ mL; 95% CI: 67, 265; P = 0.003) and second (210 U/ mL; 95% CI: 128, 343; P = 0.016) parity cows. The concentration in the late DIM group cows was nearly 4 times higher than that of the early DIM group (P = 0.001) and tended to be higher in the mid versus early DIM group (P = 0.057; Table 5 ). Cows with CM in the summer tended to have a higher concentration of IL-12 in the milk compared with those with CM in the spring (P = 0.097; Table 6 ).
TGF-α and TGF-β Concentrations in Milk
The concentrations of TGF-α and TGF-β in milk were associated only with season. The concentration of TGF-α tended toward an association with Gram status (Table 4 ), and that of TGF-β tended toward an association with previous CM occurrence. The concentration of TGF-α in the milk of cows with CM during the winter was 4 times greater and during the spring was 3.5 times greater than the concentration in cows with CM during the summer (P < 0.001; Table 6 ). The concentration of TGF-α in the milk of cows with CM during the winter was 3 times greater and during the spring was 2.6 times greater than the concentration in cows with CM during the fall (P < 0.001; Table 6 ). The concentration of TGF-β in milk of cows with CM during the spring was 2 times greater (P < 0.001) and during the winter was 1.6 times greater (P = 0.034) than that of cows with CM during the summer (Table 6) . Cows with CM during the fall had a TGF-β concentration 1.8 times greater than that of cows with CM during the spring (P = 0.007; Table 6 ). The concentration of TGF-β in milk tended to be higher in cows that had a previous CM episode (8.05 ng/mL; 95% CI: 6.34, 10.2) versus those that did not (6.33 ng/mL; 95% CI: 5.46, 7.35; P = 0.073). When Cult replaced Gram status in the model, TGF-α concentration in the milk tended to be higher in cows of the E. coli versus CNS group (P = 0.094; Table 7 ).
LDH Activity in Milk
The activity of LDH in the milk of cows with CM was associated with severity, DIM group, and season. The activity of LDH was 1.3 times greater in the moderate to severe versus the mild group (P = 0.014; Table 3 ). Cows in the mid DIM group had the highest activity of LDH in milk and was 1.6 times higher than that observed in the early group (P = 0.023; Table 5 ). The LDH activity in milk was highest in cows with CM during the winter and was 2.2 times greater than in cows with CM during the fall (P = 0.019) and 1.9 times greater than those with CM during the summer (P = 0.037; Table 6 ). Cows with CM during the spring had 1.9 times higher LDH activity than those with CM during the fall (P = 0.045; Table 6 ).
Detection of IFN-γ, TNF-α, and IL-8 in Milk
A high proportion of milk samples, 67, 31, and 20%, had undetectable levels of IFN-γ, TNF-α, and IL-8, respectively. Detection of IFN-γ in the milk of cows with CM was only associated with season, and the odds of detection were lower in the spring versus winter (P = 0.005; Table 8 ). Detection of TNF-α and IL-8 in the milk of cows with CM was more likely in those with moderate to severe versus mild systemic disease and those with a gram-negative versus gram-positive milk culture result (P < 0.016; Table 8 ). Compared with that in cows with CM during the spring, detection of IL-8 in milk was more likely in cows with CM during the other seasons of the year (P < 0.038; Table 8 ).
DISCUSSION
To our knowledge, this is the largest study to date evaluating the milk concentrations of select APP and cytokines and the factors that may influence those levels in cows with naturally occurring CM caused by different pathogens. The frequency distribution of cows by milk culture result observed in the current study (Table 1) was similar to previous reports of cows with naturally occurring CM, with a predominance of environmental mastitis pathogens typical of confinement herds that have successfully controlled contagious mastitis pathogens (Hogan et al., 1989; Bradley et al., 2007) .
Large variation was observed among cows for the proteins evaluated in this study. One potential cause of variation not accounted for in the current study was the time postinfection (TPI) when cows were evaluated and samples collected. Experimental infection studies have identified a clear relationship between TPI and milk concentrations of innate immune response proteins (Bannerman, 2009) . When studying naturally occurring CM, the TPI of sample collection is composed of 3 discrete periods: the time from infection to manifestation of clinical signs, from clinical signs to identification of CM, and from identification to sample collection. It is practically impossible to determine the first time period and the second is largely a function of the efficacy of CM screening in the study herds. The current study consisted of a single herd; therefore, the effect of CM screening should have been similar among cows. Ideally, samples would have been collected immediately after identification of CM. This would have been logistically difficult and costly if sample collection were performed by trained study personnel but easier if done by farm personnel. To ensure proper sample collection, handling, and clinical evaluation, we chose to have study personnel collect samples at 2 consistent times of the day. This likely resulted in increased variation in the time from identification to sample collection among the cows in the current study. We attempted to determine the length of this time interval; however, the time of identification was inconsistently recorded by farm personnel. These data were available for about half the cows in the study, and the average time between identification and sample collection was 6 h with a range of 1 to 12 h (data not shown). It seems unlikely that this sampling strategy would be biased toward any particular level of the factors being evaluated in the current study because all eligible cows were enrolled at each day and time a technician visited the farm. Nonetheless, failure to account for this potential confounding variable could have had an effect on the regression coefficients of the covariates evaluated in the current study and thus the associations identified with the proteins measured, particularly if TPI was highly correlated with one or more of the covariates and the measured protein concentrations (Frank, 2000) . However, given the "statistical mechanics" of the linear model, failure to account for TPI would more likely result in a type II error (failure to identify an association) rather than a type I error (falsely declaring an association; Frank, 2000) . Given this consideration, the variation observed between individual cows and the relative low sample size of some groups, failure to identify associations between the proteins and factors evaluated in the current study does not mean such an association does not exist. Nonetheless, in many instances no difference was detected between groups or the observed numerical difference was small, and the probability of falsely rejecting the null hypothesis was low.
Quarter level milk production was another factor not accounted for that could have influenced the concentration of the proteins evaluated in the current study. However, in 2 studies comparing Holstein and Jersey cattle, which had significant differences in milk production (25.7 ± 1.50 and 18.9 ± 1.50 kg/d, respectively; P = 0.006), cytokine concentrations were almost identical in both following experimental IMI (Bannerman et al., 2008a,b) .
The results of the current study suggest that several factors should be considered when designing studies to evaluate APP and cytokine concentrations during CM in dairy cattle. Systemic disease severity was associated with the concentrations of all proteins evaluated except for BSA, TGF-α, and TGF-β. Geometric mean concentrations of these proteins were 1.6 to 2.9 times greater in cows with moderate to severe disease compared with those with mild disease controlling for Gram status, DIM group, parity group, previous CM occurrence, and season (Table 3 ). The greatest differences were observed in the concentrations of Hp, IL-10, and IL-12. Similarly, the odds of detection of TNF-α and IL-8 were greater in cows with moderate to severe versus mild systemic disease. These findings are consistent with a previous study of cows with naturally occurring coliform mastitis in which serum concentrations of TNF-α, IL-1, and IL-6 were significantly higher in cows described as having severe clinical signs of systemic inflammatory response (Ohtsuka et al., 2001) . The higher cytokine concentrations observed in the milk of cows in the moderate to severe group of the current study is consistent with a greater release of many of these proinflammatory mediators from the mammary gland to the vasculature where they exert systemic effects (Bannerman, 2009 Measured cytokines in which >20% of samples had undetectable levels. Each cytokine was modeled separately. TNF-α = tumor necrosis factor-α. severity scoring system used in the current study has been previously shown to identify important differences in the pathophysiologic changes and outcomes of cows with acute coliform mastitis grouped by severity score (Wenz et al., 2001a,b) . The differences identified in innate immune response between cows grouped by severity in the current study further validate severity scoring of CM of various etiologies based on systemic disease signs. Sample collection occurred over an entire year; therefore, we evaluated the potential associations between the season of the year when a cow developed CM and the proteins evaluated. Season was associated with all the proteins evaluated except for IL-1β and IL-12. Except for TGF-β and Hp, which were highest in the summer, concentrations were lowest during the summer and highest during the winter (Table 6 ). Detection of IFN-γ and IL-8 was also associated with season (Table  8) . Thus, it appears that season influenced the immune response of cows with CM in the current study. Immune function has been shown to vary seasonally in many species independent of fluctuations in pathogen prevalence and could be associated with environmental conditions as well as photoperiod (Nelson et al., 2002) . Studies manipulating the photoperiod of cows during the dry period suggest that a short-day photoperiod (SDPP) enhanced immune function associated with prolactin (PRL) sensitivity (Dahl, 2008) . Cows exposed to SDPP had lower PRL but higher PRL receptor mRNA expression on lymphocytes compared with those exposed to a long-day photoperiod. Furthermore, SDPP cows showed enhanced peripheral blood neutrophil chemotaxis and lymphocyte proliferation compared with long-day photoperiod cows (Auchtung et al., 2004) . Thus, the higher concentrations of many of the proteins evaluated in the current study during the winter months could be linked to enhanced immune function associated with SDPP. Improved neutrophil chemotaxis and lymphocyte proliferation may have resulted in an increased number of cytokine-producing leukocytes in the infected mammary gland. Indeed, in a study of cows without CM, mRNA expression of TNF-α and IL-1β was positively associated with higher SCC (Sarikaya et al., 2006) . Unfortunately, the SCC of cows with CM in the current study was not evaluated.
Heat stress during the summer may have resulted in lower concentrations of many of the innate immune response proteins evaluated in the current study. Heat stress has been shown to decrease leukocyte migration into the mammary gland in response to chemotactic challenge (Elvinger et al., 1992) . Furthermore, cows exposed to heat stress had higher plasma prolactin concentrations, reduced lymphocyte proliferation, and lower lymphocyte TNF-α production compared with cooled cows (do Amaral et al., 2010) . Lymphocytes of heat-stressed cows also produced more suppressor of cytokine signaling (SOCS)-1 and SOCS-3 mRNA (do Amaral et al., 2010) . The SOCS proteins are induced feedback inhibitors of cytokine signal transduction, and they suppress cytokine production by a variety of cell types including leukocytes (Yoshimura et al., 2007) . It is interesting to note that SOCS pathways are suppressed in dry cows exposed to SDPP (Dahl, 2008) . Taken together, these data suggest that the seasonal differences observed in the current study may be associated with environmental conditions and photoperiod effects on leukocyte function and SOCS expression. Further investigation is needed to confirm the results of the current study and better understand the relationship between season and the complex regulation of the immune response of cows with CM and the potential effect on the outcomes of CM.
The concentrations of LBP, IL-10, and IL-12 and LDH activity were associated with DIM group, controlling for severity, Gram status, parity group, previous CM occurrence, and season. For all of these proteins except LBP, the concentrations in the milk of cows experiencing CM during the first 60 DIM was lower than that of cows in the mid or late lactation groups (Table  5) . Almost half of the 38 cows in the early DIM group were within 14 d of calving (data not shown) and these findings are consistent with the well-established immunosuppression observed in periparturient dairy cattle.
The Gram staining characteristics of the milk culture isolate were associated with the concentrations of Hp, BSA, IL-1β, and IL-10, controlling for severity, DIM group, parity group, previous CM occurrence, and season. The geometric mean concentrations of these proteins were 1.6 to 3.0 times greater in cows with a gram-negative compared with a gram-positive milk culture result (Table 4) . Experimental infections have shown that the postinfection manifestation of clinical signs and induction of IL-1β and IL-10 was delayed and more prolonged in gram-positive compared with gram-negative infections, although the magnitude of the response was comparable (Bannerman, 2009 ). This suggests that the higher concentrations of IL-1β and IL-10 observed in the gram-negative group in the current study may have been because of a shorter TPI at the time of sampling compared with the gram-positive group. Alternatively, it is possible that a difference in the magnitude of the immune response between naturally occurring gram-negative and gram-positive infections exists that has not been observed in experimentally infected cows.
Grouping cows based on milk culture isolate was associated with the concentrations of Hp, BSA, IL-1β, and IL-10 in milk. Differences in the concentrations of these proteins were typically observed between cows in the CNS group and the E. coli or COLIF groups (Table 7) . For all the proteins evaluated, the concentrations of the CNS group were numerically the lowest, whereas those in the E. coli or COLIF groups were the highest, and the ENS group was intermediate. As discussed earlier, the differences observed between individual gram-negative and gram-positive infected groups may reflect a difference in the time of sample collection. Alternatively, differences in the magnitude of the innate immune response may exist in cows with naturally occurring CM versus cows experimentally infected. Failure to detect significant differences in the proteins evaluated, where large numerical differences were observed in cows grouped based on milk culture result (Table 7) in the current study, may have been associated with low statistical power because of large variation between individual cows and the relatively small sample size of the groups.
The cytokine IFN-γ was not detectable in a large proportion (67%) of milk samples from cows in the current study. Logistic regression analysis identified season as a factor associated with the percentage of cows with detectable levels, and the percentage was nearly twice as high in the winter (47%) compared with the other seasons (Table 8) . Previous studies evaluating IFN-γ following experimental infection with various pathogens (Bannerman 2009 ) and naturally occurring coliform mastitis (Hisaeda et al., 2001; Ohtsuka et al., 2001) did not report such a high proportion of cows with undetectable levels despite similar detection limits. Twenty-one cows with undetectable levels of IFN-γ in the current study also had undetectable levels of TNF-α and IL-8. Most of these cows (76%) had mild systemic disease and may have had a minimal inflammatory response to infection. Alternatively, that fact that 71% of cows with undetectable levels of IFN-γ, TNF-α, and IL-8 had a gram-positive milk culture result (CNS and ENS) suggests they may have been sampled before detectable concentrations of these proteins had occurred (Bannerman 2009).
In conclusion, the current study provides a comprehensive report of the milk concentrations of commonly studied APP and cytokines associated with the innate immune response during naturally occurring CM and identifies factors that could influence those concentrations. Our results suggest that future studies of the role of these proteins in the pathogenesis of CM should control for systemic disease severity, season of the year (if appropriate), and stage of lactation through study design or inclusion of those factors as covariates in the analysis. More work is needed to better understand the relationship between season and immune function of cows with CM, including the potential role of photoperiod and SOCS expression. The results (Supplemental Table 1 ; http:\\www.journalofdairyscience.org/) of this observational study have also provided data useful for sample size calculations when designing future studies to evaluate the innate immune response to CM.
